Reduced mismatch negativity (MMN) in response to auditory change is a well-established finding in schizophrenia and has been shown to be correlated with impaired daily functioning, rather than with hallmark signs and symptoms of the disorder. In this study, we investigated (1) whether the relationship between reduced MMN and impaired daily functioning is mediated by cortical volume loss in temporal and frontal brain regions in schizophrenia and (2) whether this relationship varies with the type of auditory deviant generating MMN. MMN in response to duration, frequency, and intensity deviants was recorded from 18 schizophrenia subjects and 18 pairwise age-and gender-matched healthy subjects. Patients' levels of global functioning were rated on the Social and Occupational Functioning Assessment Scale. High-resolution structural magnetic resonance scans were acquired to generate average cerebral cortex and temporal lobe models using cortical pattern matching. This technique allows accurate statistical comparison and averaging of cortical measures across subjects, despite wide variations in gyral patterns. MMN amplitude was reduced in schizophrenia patients and correlated with their impaired day-to-day function level. Only in patients, bilateral gray matter reduction in Heschl's gyrus, as well as motor and executive regions of the frontal cortex, correlated with reduced MMN amplitude in response to frequency deviants, while reduced gray matter in right Heschl's gyrus also correlated with reduced MMN to duration deviants. Our findings further support the importance of MMN reduction in schizophrenia by linking frontotemporal cerebral gray matter pathology to an automatically generated event-related potential index of daily functioning.
Introduction
Occasional variations of acoustic stimuli in a regular sequence of sounds generate an event-related potential (ERP) of the brain known as mismatch negativity (MMN). MMN is extracted as a difference waveform by subtracting the ERP to infrequent deviant sounds from the ERP to frequent regular or standard sounds. Due to the lower probability of deviant stimuli, however, the difference waveform is also likely to include some changes in obligatory ERP components, which are reflecting physical stimulus difference and neural refractoriness in afferent mechanisms.
MMN generation is not reliant on active attention to the sound sequence and is therefore often described as preattentive, but it is reliant on a memory record of the immediate history of auditory information, a record that appears to have similar sensory resolution to auditory perception. 1 A substantial body of research 2 indicates that the memory system underlying MMN enables the brain to process sounds with respect to a relevant acoustic context and to automatically identify events that might be behaviorally relevant prompting an attention switch for further processing. This memory system incorporates a model of the acoustic context used to make perceptual inferences about the nature of future sound events and is considered evidence of a ''primitive intelligence'' in the auditory system.
MMN amplitude reduction is a well-replicated finding in schizophrenia research 3 following the first report in 1991 4 and is considered a robust biological marker of the disorder. 5 MMN abnormality is also linked to glutamate hypofunction that has been implicated in schizophrenia. [6] [7] [8] [9] [10] Pharmacological studies demonstrate that MMN is critically dependent on the functional state of N-methyl-D-aspartate (NMDA) glutamate receptors. [11] [12] [13] [14] For instance, healthy subjects with the smallest MMN developed more severe ''psychotic'' reactions following administration of the glutamate antagonist, ketamine. 14 NMDA receptor antagonists can also induce symptoms and cognitive impairments in healthy individuals that resemble those in schizophrenia. 15 Conversely, agents that enhance NMDA receptor function increase MMN amplitude in schizophrenia. 10 There is clear evidence of structural brain abnormalities in established schizophrenia, 16, 17 and glutamate hypofunction has also been implicated in the neuropathological processes that can lead to cortical gray matter decline. 7, 8, 18 Furthermore, MMN reduction, as a putative measure of NMDA dysfunction, has been reported to correlate with gray matter volume reduction in Heschl's gyrus in the left hemisphere. Further MMN decline over the course of the illness has been associated with progressive gray matter loss in this region. 19 This finding is largely consistent with functional brain imaging using various modalities, such as positron emission tomography (eg, Dittmann-Balcar et al 20 ) , functional magnetic resonance imaging (eg, Schall et al 21 ) , and current source density mapping (eg, Shalgi and Deouell 22 ), indicating bilateral MMN generators in the auditory cortices with some additional contribution from frontal and prefrontal cortex. Functionally consistent with contributions to MMN generators from frontal sources are findings that reduced MMN in schizophrenia has been associated with poor proverb interpretation and verbal memory 23 and poor overall functional status across psychological, social, and occupational domains. 24 Importantly, these cognitive and functional measures persistently characterize schizophrenia, rather than psychotic symptoms, which tend to fluctuate.
There is some indication in the literature that MMN to distinct deviant features may be differentially sensitive to auditory processing deficits in schizophrenia and may differ across the course of the illness. 3 There is now some evidence consistent with a progressive decline in frequency MMN amplitude across the course of the illness (see Todd et al 25 for review) suggesting that the tonotopic organization of frequency encoding may render this index particularly useful in studying progressive changes in cortical gray matter volume.
The current study investigated associations between MMN to duration, frequency, and intensity deviants and cerebral gray matter from high-resolution magnetic resonance images (MRIs) using cortical pattern matching techniques 26 in schizophrenia and closely age-and gender-matched control subjects. This method permits the aggregation of MRI data by using the same anatomical reference locations across subjects and explicitly models individual differences in cortical folding patterns as well as overall brain size. Using this technique, accurate in vivo measurements of cortical gray matter can be calculated in grouped data and correlated with functional measures. 27 If MMN indexes (at least in part) pathology that results in cortical volume loss, then this pathology is unlikely to be restricted to the auditory cortex. Firstly, we predicted that MMN amplitude would be correlated with cerebral gray matter reduction in many areas associated with dysfunction in schizophrenia (eg, temporal, frontal, and prefrontal brain regions). Secondly, we predict that the gray matter-MMN association will be best represented by frequency deviance as an index of illness progression 25 linked to more pronounced cerebral pathology and lower sociooccupational function levels. 28 
Methods
The study was approved by the Hunter New England Human Research Ethics Committee. All participants gave informed written consent to participate in the study.
Participants
Participants were recruited from the community by advertisement, from the Schizophrenia Research Register, 29 and from the Hunter Medical Research Institute Volunteer Register. All subjects were tested for intact hearing and examined for relevant medical and neurological conditions, including standard MRI exclusion criteria and alcohol and illicit substance use.
Eighteen subjects (13 males and 5 females, age range = 16-67 y, mean age = 32.8 y, SD = 612.3) met diagnostic criteria for schizophrenia according to the International Classification of Diseases (Tenth Edition; World Health Organization) that was confirmed by the Diagnostic Interview for Psychosis. 30 Mean duration of illness was 11.8 years (SD = 68.8 y and ranging from 2 to 32 y). Age and duration of illness were highly correlated (r = 0.90, P < .001, 2-tailed significance).
All but one schizophrenia participant was stabilized on first-(n = 3) and/or second-generation (n = 14) antipsychotic medication and not acutely psychotic at the time of testing. The remaining participant was well but reported taking nil medication for the 3 months prior to testing.
Eighteen healthy control subjects (age range = 17-65 y, mean age = 33.0 y, SD = 612.3) without personal or family history in first-and second-degree biological relatives were pairwise age-(<3 y) and gender-matched to the schizophrenia subjects. The groups did not differ on premorbid IQ estimates (schizophrenia group: 110.4, SD = 6.5; healthy control subjects: 111.8, SD = 8.8) as assessed by the National Adult Reading Test, 31 but they did differ (t = 3.5, P < .002) in years of formal education (schizophrenia group: 11.3 y, SD = 2.1; healthy control subjects: 14.4 y, SD = 2.9). In addition, sociooccupational function levels were determined in schizophrenia subjects using the Social and Occupational Functioning Assessment Scale 32 (SOFAS) that closely corresponds to the Global P. E. Rasser et al.
Assessment of Functioning Scale
32 with less symptom severity confounds. 33 Stimuli and MMN Recording MMN recording procedures closely followed those described by Todd et al. 25 Participants were presented with a sequence of 2400 tones (regular 450-ms stimulusonset asynchrony) in a pseudorandom presentation order of standard tones (P = .82, 50 ms, 1000 Hz, 80-dB sound pressure level [SPL] ) and 3 types of deviant tone (P = .06 each): ''duration'' (125 ms), ''frequency'' (1200 Hz), and ''intensity'' (90-dB SPL). Participants were instructed to watch a video and to ignore the sounds presented via headphones.
Continuous electroencephalographic (EEG) data sampled at 500 Hz were obtained from 28 scalp sites in accordance with the 10-20 system, the left and right mastoid, and a nose reference using Neuroscan software and hardware (Neuroscan, El Paso, TX). Vertical and horizontal electrooculogram was monitored by electrodes above and below the left eye and 1 cm to the side of the outer canthi of each eye, respectively.
EEG data were analyzed off-line. Epochs beginning 100 milliseconds before each stimulus and ending 450 milliseconds after stimulus onset were extracted and the scalp sites rereferenced to the algebraic sum of the 2 mastoids. Eye blink artifacts were corrected with procedures implemented in Neuroscan, and epochs exceeding 100 lV were excluded. The averaged responses to standard and deviant tones were corrected for linear trends and low pass filtered at 30 Hz. The MMN was obtained by subtracting the standard from the deviant ERP for each deviant type. The MMN waveforms were low pass filtered at 20 Hz. Peak MMN amplitudes within a 100-to 300-millisecond poststimulus window relative to 100-millisecond prestimulus baseline were computed for the frontal-central (Fz) site.
MRI Data Collection and Analysis
MRI data were acquired from a Siemens Magnetom Vision 1.5-T MRI scanner (John Hunter Hospital, Newcastle, Australia) to obtain high-resolution scans (3D MPRAGE protocol with repetition time = 9.7 ms, echo time = 4 ms, and flip angle = 12°) with voxel volumes 1 mm 3 . Two modes of structural analyses were pursued using cortical pattern matching. 26 The first involved the cerebral cortical gray matter and the second a region of interest approach, where the temporal lobe cortical gray matter was examined in isolation in order to examine deeper cortical structures, such as Heschl's gyrus, in more detail.
Subject's MRIs were transformed to International Consortium for Brain Mapping 34 space using mritotal 35 or manually using the software program Register (available at http://www.bic.mni.mcgill.ca/software/register/ register.html) and a 12-parameter affine transformation. This was followed by a radio frequency bias correction. 36 Masking of the cerebrum was then performed, and a model of the cerebral cortex was extracted from the resulting image. 37 This model was used together with the subject's MRI to identify and trace sulcal and control lines (defining the midline hemisphere boundaries) on each hemisphere in adherence with the anatomical protocol available at http://www.loni.ucla.edu/;esowell/ edevel/new_sulcvar.html.
Using the cerebral cortex models and lines from all 36 subjects, a geometric average model was created, and each individual cortex was deformed to match it using cortical pattern matching. 26 This establishes a computed correspondence mapping between the vertices comprising the subject's cerebral cortex in the average model space and the voxels of each individual subject's MRI in native space.
To avoid confounds when measuring cortical gray matter in each individual subject, 38 all cortical gray matter measures were computed in the native space of each subject and then transformed to the average model space. For these calculations, in native space, each subject's MRI was corrected for intensity inhomogeneity due to radio frequency bias fields 36 in areas defined by a dilated native space version of their cerebral mask. This was followed by a skull stripping of the radio frequency biascorrected MRI using this dilated mask.
A fully automated tissue classification was then performed on each subject's scan using a partial volume classifier. 39 The cerebrum masks (in native space) were used to crop the cerebrum from the tissue-classified volumes that were then supersampled reducing their voxel dimensions by one-third. In native space, the overall cerebral volume for each subject was calculated as well as the average cerebral volume for the 36 subjects.
Using the corresponding locations within native space of each vertex comprising a subject's deformed cerebral cortex model, the proportion of gray matter to gray plus white matter within a subject-specific kernel (a sphere of radius 15 mm multiplied by the ratio of the individual to average cerebral volume) was determined in native space from the subject's tissue-classified volume and allocated to the corresponding vertex in average space. The subjectspecific kernel sizes were used to account for varying cerebral volumes across the subjects.
A deformable version of the ''Montreal Neurological Institute (MNI) colin27'' cerebral atlas 27, 40 was also used to label the gyral structures of the average cortex, thus enabling gyrus-wise averaging of the gray matter measure for each subject.
Masking and extraction of the temporal lobes as well as a subset of the sulcal lines (ie, superior temporal, inferior temporal, collateral, and occipital-temporal sulcus) were used to generate the average temporal lobe models using cortical pattern matching. The masking of the temporal lobes involved the boundaries defined by the temporal poles and the Sylvian fissure from the lateral border of the temporal lobes and medially along the cerebral peduncle (including the hippocampus, parahippocampal gyrus, and uncus). The insular and inferior insular cortices were excluded and used to define boundaries. The posterior boundary of the temporal lobe was defined by a surface line beginning medially at the junction of the parietooccipital sulcus and the calcarine fissure passing along the emerging basal temporal sulci and ending at the occipital temporal notch as well as going along the posterior boundaries of the inferior, middle, and superior temporal gyri (figure 1). All other methods followed those described for the cerebrum.
Statistical Analyses
Data distributions were assessed for compliance with the assumptions of parametric tests. MMN peak amplitude group differences were tested by 2-sample t test for each deviant type, and correlations with age were assessed with Pearson correlation coefficients. A 2-sided P value of <.05 was considered statistically significant. Associations of SOFAS with MMN measures were assessed with Spearman q. A 1-sided P value of <.05 was considered statistically significant by taking the directional nature of our hypothesis into account. 24 Correlation maps of cerebral gray matter measures with MMN peak amplitudes for each MMN type were calculated, statistically thresholded at P < .05 (uncorrected), and permutation tested 41 at P < .05 for each group and hemisphere. Associations at the gyral level were tested post hoc by Pearson correlation coefficients at P < .05 (2 sided).
Results

MMN peak amplitudes recorded at
Fz were significantly lower in schizophrenia subjects vs healthy control subjects for frequency deviants (t = 2.2, P < .04. figure 2) , with similar trends for duration (t = 2.0, P < .06) and intensity deviants (t = 1.9, P = .06). Duration MMN was significantly correlated with age (r = 0.37, P < .03) in the combined dataset but did not reach statistical significance in the individual groups (patients: r = 0.32, P = .21, and control participants: r = 0.31, P = .22). Frequency MMN was correlated with age only in patients (r = 0.66, P = .003). Sociooccupationalfunctionlevelsofschizophrenia subjects (SOFAS scores) correlated with frequency MMN recorded at Fz (r q = À0.43, P < .04, figure 3C ) and also tended to correlate with duration (r q = À0.38, P = .06) but not with intensity (r q = 0.10, P = .45) MMN peak amplitudes.
Correlations of gray matter measures with reduced frequency MMN peak amplitudes recorded at Fz were confirmed in schizophrenia subjects by permutation tests for the left and right cerebrum (figure 2E), for left and right temporal lobes (including Heschl's gyrus bilaterally, figure 4E ), as well as for duration MMN for right Heschl's gyrus ( figure 4D ). Such an association was not confirmed for healthy subjects with any MMN type (figures 2A-C, figures 4A-C). Post hoc correlation analyses in schizophrenia patients confirmed (P < .05) an association of reduced gray matter measures with reduced frequency MMN peak amplitudes recorded at Fz for left and right precentral gyri, right postcentral and right superior temporal gyri, left superior frontal gyri, and left lateral frontoorbital gyri as determined by a deformable version of the MNI colin27 cerebral atlas (figure 5A-E).
Discussion
Our findings confirm an association of MMN reduction recorded at Fz in schizophrenia with MRI-derived measures of cortical gray matter estimates in areas subserving auditory processing (eg, Heschl's gyrus; compare Salisbury et al 19 ). The most robust correlation was found for MMN measures derived from frequency deviants suggesting that frequency MMN is more linearly associated with pathological changes in schizophrenia than duration or intensity MMN. We have previously raised the question of whether deviance in different sound features could provide complimentary evidence of the pathology underlying MMN reduction in schizophrenia. The observation of Salisbury et al 19 suggests that at least some aspect of this pathology is progressive and that the frequency MMN amplitude change is accompanied by a change in the gray matter volume of auditory processing areas. Our present findings are certainly consistent with this observation and with our previous findings showing a progressive decline of MMN in the course of illness predominantly in response to frequency but not to duration and intensity deviants. 25 When different forms of deviant are used, there are many factors that complicate a comparison between the resultant MMNs elicited (see Todd et al 25 for discussion). However, we hypothesize that it is likely that the multiple tonotopic representations of frequency information in auditory cortex could explain why gray matter volume is more linearly associated with frequency MMN in the present study. These multiple representations might afford frequency MMN some degree of resilience to initial disruption of auditory processing, but as the disruption spreads engulfing other tonotopic representations, frequency MMN declines, rendering it particularly sensitive to a linear progression of the pathology. 25 That frequency-derived MMN in particular is closely associated with bilateral gray matter reduction in Heschl's gyrus in schizophrenia suggests a neuropathology that affects the integrity of the tonotopic organization of frequency representation and sound processing in primary auditory cortex with progression of illness. These findings are consistent with observations that perceptual resolution of frequency differences (frequency discrimination) is impaired in schizophrenia 42 and becoming more severe with chronicity of illness. 43 While our findings suggest that frequency MMN is more closely associated with illness chronicity than MMN to duration and intensity deviants, it is possible that our sample size did not provide sufficient power to detect potentially weaker associations of gray matter deficits, for instance, with intensity-elicited MMN. It is also possible that the reduction in MMN to intensity (and potentially duration) change is not as well suited to linear association with progressive pathology. There is evidence that these features are represented in a distributed fashion across the auditory cortex, 44 anterior cingulate, and presupplementary motor area 45 and as such, could be less resistant to early signs of the pathology or simply less linearly affected. As age and duration of illness are highly correlated, and gray matter volume declines with age over the human life span, 46 reduction of MMN amplitude and its association with reduced gray matter could be confounded by normal ageing. Our findings, however, clearly indicate that pairwise age-and gender-matched healthy control subjects do not show an association of MMN with gray matter. Furthermore, frequency MMN is correlated with age only in patients and not in healthy participants. Hence, the association of frequency-elicited MMN with gray matter measures appears to be specific to progressive neuropathology in schizophrenia and not driven by genuine age-related variability across the 2 measures when accepting age as a proxy measure of duration of illness.
Medication is another important factor when interpreting our findings. Both human as well as animal research 47, 48 suggest reduction of gray matter with haloperidol exposure and to exposure to second-generation antipsychotics, though to a lesser extent when compared with first-generation antipsychotics. 17, 49, 50 However, there is no consistent evidence that antipsychotic medication affects MMN generation (eg, Catts et al 51 ; Schall et al 52 ) , although a relatively intact MMN to frequency deviants predicts a favorable response to clozapine treatment in chronic schizophrenia patients who fail to respond to other antipsychotics. 53 Nonetheless, more systematic pharmacological research, including animal models, is required to establish whether MMN generation is unaffected by exposure to antipsychotic medication and whether medication effects on gray matter are linked to illness-related changes of cortical gray matter.
Some recent anatomical evidence from postmortem data is consistent with impaired auditory information processing in schizophrenia. 54 The authors stereologically quantified the density of synaptophysin-immunoreactive axon terminals in the gray matter of Brodmann areas 41 and 42. Feedback auditory pathways in layer 1 of area 41 and layer 3 of area 42 were intact in schizophrenia, while reduced terminal densities were found in feedforward pathways of layer 3 in area 41. This may affect the spread of activation within primary auditory cortex in response to acoustic stimuli and, in turn, may affect the performance of neural circuits involved with sound discrimination and MMN generation.
Importantly, the authors found no evidence that longterm exposure to antipsychotic medication reduces synaptophysin-immunoreactive axon terminals in nonhuman primates. 54 If confirmed by more data, this finding would be consistent with a lack of effect of antipsychotics on MMN generation in schizophrenia. However, further animal research is required to better understand the neurocircuitry of auditory mismatch processing and how individual pathways contribute to auditory mismatch generation.
Our data revealed that associations between frequency-elicited MMN and reduced gray matter measures in schizophrenia were not limited to auditory areas; they also extended into other cortical areas involved in motor organization and executive function. The topographic distribution of MMN/gray matter associations in schizophrenia is consistent with current source density studies (eg, Shalgi and Deouell 22 ) and functional brain imaging data (e.g., Dittmann-Balcar et al 20 ; Schall et al 21 ) implicating temporal and frontal cortical areas in the generation of MMN. Such an association was not detected in healthy control subjects or for duration and intensity-elicited MMN in schizophrenia. In this respect, associations of MMN in response to frequency deviants with frontal gray matter reduction indicate a more widespread brain pathology-beyond auditory cortex-that is linked to MMN reduction with longer duration of illness.
We also confirmed earlier reports of a correlation of smaller MMN amplitudes with poor sociooccupational functioning in our schizophrenia sample, 24 although in our sample, this correlation was once again most robust for frequency MMN. However, one explanation of this relationship that emerges from our data is that the relationship between decreased MMN and impaired functional skills occurs, not because these deficits are causally linked but because they are both related to frontal lobe pathology. In summary, the current study shows that MMN is a useful tool to investigate important features of the disorder, such as progression of illness, clinical outcomes, and potentially treatment response, as well as the importance of the choice of the physical characteristics of the deviant stimuli when conducting MMN research in schizophrenia. MMN also holds the potential to provide more profound insights into the underlying pathophysiology by identifying core neurophysiological deficits of the disorder, how they develop, and how they give rise to the clinical features of the condition. 
